Insulin induces glucose transporter 4 (GLUT4) translocation to the muscle cell surface. As fagopyritol has insulin-like effects, the effects of fagopyritol on GLUT4 translocation and filamentous (F) actin remodeling in L6-GLUT4myc skeletal muscle cells were investigated. Fagopyritol significantly increased plasma membrane GLUT4 levels compared with the basal control in L6-GLUT4myc myoblast cells. Phosphatidylinositol (PI) 3-kinase inhibitor (LY294002) treatment prevented GLUT4 translocation to the plasma membrane in the myoblasts. Fagopyritol treatment apparently stimulates F-actin remodeling in myoblasts. In addition, fagopyritol treatment induced GLUT4 translocation and F-actin remodeling in myotubes. Taken together, these results suggest that fagopyritol promotes GLUT4 translocation and F-actin remodeling by activating the PI 3-kinase-dependent signaling pathway.
Introduction
Insulin-stimulated glucose transporters (GLUTs) play an important role in the regulation of blood glucose levels [3] .
Insulin quickly increases the rate of glucose uptake into the primary glucose-consuming tissues, such as skeletal muscle and adipose tissue, in which glucose transporter 4 (GLUT4) is specifically expressed at a significant level [9, 10] . GLUT4 is mainly localized in the intracellular storage pool and translocates to the plasma membrane in response to insulin [22] . This phenomenon is defective in insulin resistance and type 2 diabetes (T2DM) [12] . In T2DM, a defect that is associated with impaired GLUT4 translocation, fat cells and muscle fibers appear to be insensitive to the hormone [31] . The process by which GLUT4 triggers an increase in glucose uptake is a complex signaling cascade, which is still not fully understood.
In addition, Insulin-dependent GLUT4 translocation requires dynamic remodeling of filamentous (F) actin [2] . In several events, such as vesicle trafficking, the F-actin cytoskeleton plays a major role in insulin-regulated GLUT4 vesicle dynamics [23] . It is well known that insulin causes a rapid and marked remodeling of actin filaments below the plasma membrane, promoting membrane ruffling in cells such as myotubes, adipocytes, and fibroblasts [27] . Disruption of the actin cytoskeleton prevents the arrival of GLUT4 at the cell surface of muscle and adipose cells [6, 31] .
Endogenous GLUT4 is not expressed until it is differentiated into myotubes [16] . L6 myoblasts respond poorly to insulin. A myc epitope-tagged GLUT4 (GLUT4myc) into L6 myoblasts is reported to markedly improve insulin sensitivity and responsiveness of glucose uptake in L6 myoblasts [29] . The level of expression of GLUT4myc in myoblasts was similar to the endogenous level of GLUT4 in myotubes [29] . Thus, the myc epitope-tagged GLUT4 (GLUT4myc) into L6 myoblasts was used in this study.
Buckwheat (Fagopyrum esculentum Moench) has quite a few beneficial bioactive components such as D-chiro-inositol (DCI), flavonoids, and sterols [7, 34] . Fagopyritols are derivatives of the D-chiro-inositol (DCI) that accumulates in the seeds of common buckwheat. Fagopyritols have been isolated from not only buckwheat seeds but also soybean, lu-pine, lentil, chickpea, sugar beet, mung bean, and jojoba [4, 13] . DCI is a component of galactosamine DCI, a putative insulin mediator, known to be deficient in T2DM patients [8] . DCI and its galactosides (fagopyritols) have been reported to lower blood glucose levels [13] .
We have previously reported that fagopyritol promotes glucose uptake in L6 myoblast cells [24] . But that mechanism by which this is accomplished is not yet clearly understood.
In this study, the effect of fagopyritol on GLUT4 tanslocation and actin filament remodeling in L6-GLUT4myc rat myoblast cells was investigated. 
Materials and Methods

Preparation of the fagopyritol
Fagopyritol was supplied by S&D Co. (Chuncheon, South Korea) used in vitro culture after radio-sterilization. This fagopyritol was extracted from the skin of buckwheat by 50% ethanol at 80℃ and used in vitro culture after radiosterilization. The fagopyritol used in this experiment contained over 9.57% DCI.
Cell culture, differentiation, and treatment L6 rat myoblasts normally expressing GLUT4 with an exofacial myc epitope (L6-GLUT4myc cells) (kind gift from Amira Klip, the Hospital for Sick Children Toronto, ON, Canada) were cultured according to the following protocols [29] . L6 myoblast cells were grown in α-MEM supplemented with 10% FBS and 1% penicillin/streptomycin (100 U/ml penicillin and 100 microgram/ml streptomycin) in 5% humidified air at 37℃. L6 myoblasts were differentiated into myotubes in α-MEM supplemented with 2% FBS, 1% penicillin/streptomycin, and 1% Fungizone. Before any trials were conducted, the cells were incubated in serum-free α-MEM for 4 hr. Cell viability was not compromised under any of these conditions (data not shown). The treatment dose (1 mM) was chosen according to the results obtained in dose-response and time-course assays [24] .
Trafficking of GULT4myc translocation
The cells were placed in a 3 cm confocal dish with cover slip and then incubated in a α-MEM buffer for 30 min at 37℃ and then incubated in insulin for 10 min. After fixation with 2% para-formaldehyde for 10 min at room temperature Fagopyritol treatments stimulated GLUT4 translocation and filamentous (F) actin remodeling of L6-GLUT4myc myoblasts and myotubes. In a previous study, fagopyritol promoted glucose uptake in L6 myoblast cells [24] . The present study, thus, investigated whether fagopyritol can induce GLUT4 translocation, causing increased glucose uptake in L6-GLUT4myc myoblasts. Fagopyritol significantly increased plasma membrane GLUT4 levels compared with the basal control condition, p<0.05 (Fig. 1A and 1B) . L6-GLUT4myc myoblasts were treated with LY294002, insulin, or fagopyritol for 20 min. This treatment prevented the insulin-stimulated association of GLUT4myc with insulin or fagopyritol ( Fig. 1A-d, f, and 1B) .
Fagopyritol stimulates filamentous actin remodeling in L6-GLUT4myc myoblast cells
To examine whether the cell surface was remodeled, rhodamine-phalloidin was used to stain F-actin. In the basal state, stress fiber was evenly distributed across the myoblast surface (Fig. 2a, d , and g; white arrows). Upon insulin or fagopyritol stimulation, a correspondence in the actin aggregates was observed (Fig. 2b, c , e, f, h, and i; white triangles).
Fagopyritol induces GLUT4 translocation and filamentous actin remodeling in L6-GLUT4myc myotubes
The myoblasts differentiate spontaneously after confluency into multinucleated myotubes when cultured in low concentrations of serum [15] . The multiple myonuclei were confirmed by DAPI staining (blue) (Fig. 3d, e, and f) . The cells were fixed and double-stained for F actin (green, rhodamine-phalloidin) and GLUT4myc (red, an anti-myc antibody followed by a Cy5-conjugated secondary antibody).
Upon insulin or fagopyritol stimulation, a marked correspondence was observed in the actin aggregates on the plasma membrane of cells (Fig. 3a, b, c, j , k, and l; white triangles). Also, fagopyritol apparently increased plasma membrane GLUT4 levels compared with the basal control condition in myotubes (Fig. 3g, h, and i) . In both myoblasts and myotubes, fagopyritol stimulated GLUT4 translocation and F actin remodeling. In both myoblasts and myotubes, fagopyritol stimulated GLUT4 translocation and F actin remodeling.
Discussion
In this study, we have shown the morphological changes and immunoreactivities on GLUT4 translocation and filamentous (F) actin remodeling in L6-GLUT4myc myoblasts and myotubes treated with a 1 mM concentration of fagopyritol. It was found that this remodeling was positively stimulated by fagopyritol treatment.
Fagopyritols are derivatives of DCI. Body stores, mainly in muscle and urine, of DCI gradually decrease in patients with diabetes (both type 1 and type 2) and obesity [19] . This symptom may be in part due to increased urinary losses through an unknown mechanism of DCI [33] . DCI, an inositol derivative, has been shown to act as an anti-diabetic compound by improving insulin sensitivity in patients exhibiting insulin resistance due to diabetes or polycystic ovary syndrome [1, 25] .
Insulin caused a twofold increase in cell surface content in GLUT4myc and in glucose transport activity in L6-GLUT4myc myoblasts [24] . Thus, in L6 myoblasts, ectopic expression of GLUT4 generated an insulin-responsive phenotype [32] . GLUT4 translocation to the plasma membrane is mostly regulated by two distinct signaling pathways, the PI3K/Akt-and AMP-activated protein kinase (AMPK)-dependent signaling pathways [17] . As PI3K is required for insulin-mediated recruitment of GLUT4 [26] , the interaction of GLUT4myc with fagopyritol was examined in the presence of the PI3K inhibitor LY294002. LY294002 treatment prevented insulin or fagopyritol from stimulating PI3K-dependent signaling pathway.
It was found that insulin-stimulated F-actin membrane ruffles in L6 myoblasts accumulated at localized plasma membrane sites and directed the localization of both PI3 kinase and GLUT4 protein [30] . Insulin also stimulation induced a rapid reorganization of actin filaments into a cortical mesh in muscle cells. Some studies have shown that actin remodeling is required for GLUT4 translocation and glucose uptake into cells either by connecting signaling or by making the tracks on which GLUT4 vesicles can move in myocytes [14, 20, 28] and adipocytes [11, 18] . It has been reported that disruption of the actin cytoskeleton prevents the arrival of GLUT4 at the cell surface of muscle and adipose cells [21, 27] .
Yap et al. have also reported that DCI, L-chiro-inositol (LCI), epi-inositol, muco-inositol, and D-pinitol induced GLUT4 translocation in the L6 myotubes and skeletal muscles of rats ex vivo [35] . This result suggests that fagopyritol stimulates GLUT4 translocation via actin filament remodeling.
In conclusion, our current findings provide strong evidence to support the hypothesis that fagopyritol improves . Fagopyritol treatment induces GLUT4 translocation and F actin remodeling in L6-GLUT4myc myotubes. Serumdeprived L6-GLUT4myc myotubes were treated with 300 nM insulin or 1 mM fagopyritol for 10 min at 37℃. Afterward, the cells were fixed and double-stained for actin (green, rhodamine-phalloidin) and GLUT4myc (red, anti-myc antibody followed by Cy5-conjugated secondary antibody) as described in Methods. The multiple myonuclei were identified by DAPI staining (blue; d, e, and f). White triangles indicate the F actin aggregates (b, c, k, and l). Scale bar, 10 μm. The images are representative of three experiments.
glucose uptake mainly by promoting GLUT4 translocation and F-actin remodeling in skeletal muscle. Therefore, the consumption of fagopyritol might ameliorate the symptoms of diabetes mellitus and polycystic ovary syndrome.
